Identifying the relative contributions of genetic, maternal, and environmental factors to phenotypic variation is critical for evaluating the evolutionary potential of fitness-related traits. We employed a novel two-step cross-fostering experiment to quantify the relative contributions of clutch (i.e., maternal identity) and maternally chosen nest sites to phenotypic variation during three early life stages (incubation, hibernation, dispersal) of the painted turtle (Chrysemys picta). By translocating eggs between nests in the field, we demonstrated that both clutch and nest site contribute to phenotypic variation at hatching. Because hatchling C. pictahibernate inside nests, we performed a second cross-foster to decouple the effects of the incubation nest with that of the hibernation nest. Incubation nest explained little variation in phenotypes at spring emergence, but winter nest site was important. We found no evidence that mothers select nest sites specific to reaction norms of their own offspring, suggesting that females may select nest sites with microhabitats that broadly meet similar requirements across the population. After hibernation, we released hatchlings to assess performance and phenotypic selection during dispersal. Hibernation nest site influenced physiological performance during dispersal, and we detected nonlinear selection on hatchling carapace length. Our experiment demonstrates that nest-site choice has substantial effects on phenotypic variation and fitness across multiple early life stages. Abstract. Identifying the relative contributions of genetic, maternal, and environmental factors to phenotypic variation is critical for evaluating the evolutionary potential of fitnessrelated traits. We employed a novel two-step cross-fostering experiment to quantify the relative contributions of clutch (i.e., maternal identity) and maternally chosen nest sites to phenotypic variation during three early life stages (incubation, hibernation, dispersal) of the painted turtle (Chrysemys picta). By translocating eggs between nests in the field, we demonstrated that both clutch and nest site contribute to phenotypic variation at hatching. Because hatchling C. picta hibernate inside nests, we performed a second cross-foster to decouple the effects of the incubation nest with that of the hibernation nest. Incubation nest explained little variation in phenotypes at spring emergence, but winter nest site was important. We found no evidence that mothers select nest sites specific to reaction norms of their own offspring, suggesting that females may select nest sites with microhabitats that broadly meet similar requirements across the population. After hibernation, we released hatchlings to assess performance and phenotypic selection during dispersal. Hibernation nest site influenced physiological performance during dispersal, and we detected nonlinear selection on hatchling carapace length. Our experiment demonstrates that nest-site choice has substantial effects on phenotypic variation and fitness across multiple early life stages.
INTRODUCTION
Phenotypic variation is pervasive in wild populations and often translates into variation in fitness. Adaptive evolutionary trajectories of traits depend upon not only the strength and form of selection, but also the underlying sources that contribute to phenotypic variation. Phenotypic variation typically is attributed to differences in an organism's genetics and to the environmental conditions that it experiences. Although the mechanisms for inheritance of genetic information are well studied, non-genetic transgenerational effects of environmental conditions, in the form of maternal effects, are a more recently appreciated phenomenon that can affect evolutionary processes Fox 1998, Mousseau et al. 2009 ).
A maternal effect occurs when the mother's environment or phenotype influences her offspring's phenotype, independent of inherited genes (Bernardo 1996) . Maternal effects are ubiquitous, including production of (1) either sedentary (wingless) or dispersing (winged) phenotypes in insects ; (2) differing life-history strategies in plants (Galloway and Etterson 2007) ; and (3) male and female offspring in reptiles with temperature-dependent sex determination (Janzen 1994) . A strikingly wide array of mechanisms is responsible for the diversity of maternally influenced phenotypes, ranging from epigenetic alteration of gene expression in offspring germ line cells (Weaver et al. 2004 ) to hormonal environments of offspring during development (Sheriff et al. 2010) . Maternal behaviors can also influence offspring phenotypic development. For example, thermoregulatory behavior of pregnant viviparous reptiles directly modifies offspring developmental environments (e.g., Wapstra et al. 2010) . Similarly, most birds and some reptiles protect eggs and have control over the abiotic micro-environment to which their offspring are exposed (Price 1998 , Huang 2006 , which can positively influence offspring fitness (e.g., Shine et al. 1997b) .
Most oviparous organisms, however, do not care for eggs after oviposition, and maternal manipulation of the embryonic environment is therefore indirect. Oviposition-site choice is the primary mechanism to influence developmental environments (Bernardo 1996) . Selection should favor mothers that choose sites that result in higher fitness for their developing offspring; thus, nonrandom oviposition decisions are likely to be adaptive. Locating suitable nest sites, however, is complex because the fitness consequences of nest-site choice can be manifested at multiple levels (Refsnider and Janzen 2010) . For example, mothers must choose nest sites that not only facilitate embryonic development, but also positively affect offspring development (Doak et al. 2006) , contain (or are near) suitable offspring habitat (Streby and Andersen 2011) , or reduce predation risk to themselves and their offspring (Rieger et al. 2004) .
Oviparous reptiles are excellent models for investigating nest-site choice, because abiotic conditions experienced during incubation elicit variation in offspring phenotype, performance, and fitness (Deeming 2004) . Indeed, reptiles select nest sites nonrandomly in the field in ways that modify phenotypes and improve offspring survival (e.g., Wilson 1998) . Still, significant environmental variation exists in maternally selected nests, which translates into significant variation in offspring phenotypes and survival (e.g., Warner and Shine 2008) . This variation in nest-site choice may be adaptive if different clutches respond distinctively to the same environmental conditions, which could indicate that genotypes have alternative optimal incubation conditions (i.e., genotype-environment interaction) (Shine and Harlow 1996) . If such differences are important, females should finely tune their nest-site choice to the specific reaction norms of their offspring Harlow 1996, Shine et al. 1997a) .
Despite the importance of nest-site choice for egg incubation, studies investigating only this life stage neglect later life stages, which nest-site choice also may affect. In many organisms, early maternal decisions influence, and exert a durable impact on, developmental trajectories across several life stages. For example, ovum size and oviposition-site choice in amphibians affect offspring size, developmental rates, food availability, predation levels, and competition levels Wilbur 1989, Kaplan 1998) . These factors, in turn, impact time and size at metamorphosis, which influence survival, predation risk, and reproductive traits (Kaplan 1998) . Nest-site choice in reptiles could affect developmental trajectories across multiple life stages as well, although this possibility has been inadequately explored. For example, offspring of many temperate turtle species do not emerge from their terrestrial nests immediately after hatching, but remain within nests until dispersal to water sources in the following spring (Costanzo et al. 2008) . For these species, hibernating neonates can freeze or deplete yolk (e.g., Willette et al. 2005) , and dispersing hatchlings risk predation, disorientation, and desiccation (e.g., Tucker 2000) . Here, nest-site choice could directly influence survival by affecting both the distance over which hatchlings must disperse and the type of habitat through which they travel (Kolbe and Janzen 2001) . Nest-site choice also could indirectly influence dispersal success via its effect on offspring phenotypes and performance (Janzen et al. 2000a (Janzen et al. , b, 2007 .
A thorough investigation of nest-site choice should evaluate the effect of maternally chosen sites on offspring development and fitness during multiple life stages. To address these issues, we quantified maternal effects on painted turtle (Chrysemys picta) offspring through two stages in natural nests (embryo development and hatchling hibernation) and a third stage after emergence from nests. To disentangle clutch effects with those associated with nest site, we reciprocally transplanted eggs between pairs of nests. After hatching, we redistributed turtles in a second cross-fostering manipulation before hibernation. At the natural time for emergence from nests, we released hatchlings in the field to assess dispersal performance and survival in this third life stage. This novel experimental design enabled us to evaluate four predictions regarding the consequences of nest-site choice. (1) Previous laboratory experiments suggest that clutch (genetics and maternal provisioning), incubation nest site, and hibernation nest site all contribute to phenotypic variation in hatchling turtles, yet no field experiment has addressed all three simultaneously. We predicted that the relative contributions of these three factors would vary by phenotype, but that all factors would be relevant to the overall phenotypic variation. (2) Research in oviparous lizards has proposed that mothers choose nest sites specific to their own offsprings' norms of reactions (Shine and Harlow 1996) , yet this ''maternal matching'' hypothesis was not supported (Shine et al. 1997a) . Our cross-fostering design enabled us to quantify if maternally chosen nest sites are ''best'' for natal, rather than non-natal, hatchling turtles. However, we predicted that such finely tuned nesting decisions would be unlikely to occur within this population. (3) Prior field research on painted turtles has documented a functional relationship between nest microhabitat characteristics (e.g., shade cover) and nest temperatures during both incubation and hibernation (Weisrock and Janzen 1999) , and laboratory experiments have shown a strong influence of thermal conditions on offspring phenotypes. We predicted that shadier nests would be cooler during both stages, which would influence thermally sensitive phenotypes. (4) Because several studies have demonstrated that larger hatchlings are more successful during dispersal from the terrestrial nest to the aquatic habitat (Janzen et al. 2000a , b, Paitz et al. 2007 ), we predicted that hatchling size would influence the probability of survival during dispersal.
METHODS
From 22 May through 15 June 2009, we monitored C. picta nesting activity along the backwaters of the Mississippi River at the Thomson Causeway Recreation Area, in Thomson, Illinois, USA (Schwanz et al. 2009 ). After turtles completed nesting, we carefully excavated nests from the top, removing eggs within ;5 hours of oviposition and placing them in Styrofoam coolers with moist soil. Because we performed three manipulations, we have partitioned our methodological and statistical descriptions accordingly.
Stage 1: Incubation
We paired nests of similar age (typically constructed on the same day) and clutch size for reciprocal transplant of eggs (hereafter, paired nests are referred to as blocks). We swapped half of the eggs from a nest and half of the eggs from the other nest in a block (Fig.  1) , with eggs either returned to their mother's nest (''natal'' treatment) or placed into the nest of the other female (''non-natal'' treatment). We weighed eggs, uniquely labeled them with felt-tip permanent markers, measured depth to the bottom of each empty nest cavity, and then alternately inserted natal and non-natal eggs. We programmed Thermochron iButtons wrapped in Parafilm (Maxim Integrated, San Jose´, California, USA) to record hourly temperatures and placed one in the center of each nest among the eggs. We then filled the nest openings with soil, protected them from predators with 1-cm mesh aluminum hardware cloth secured with tent stakes, and mapped them for relocation.
We measured percent canopy cover (openness) and incident solar radiation (MJÁm À2 Ád
À1
) for nests with hemispherical photography and Gap Light Analysis software (Doody et al. 2006) . We photographed the sky directly above each nest with a Nikon Coolpix 5200 outfitted with a 1808 fisheye lens. We took these photographs during the nesting season and again when hatchlings were recovered in March 2010, prior to leaf emergence on trees.
On 17 August 2009, we excavated all nests and placed the nearly hatched eggs in Styrofoam coolers for transport to Iowa State University (ISU). We packed each nest cavity with cotton-filled plastic bags to maintain cavital integrity. Many eggs had pipped (i.e., the eggshell was broken by the caruncle), indicating that most of incubation occurred in the field. At ISU, we weighed unpipped eggs and placed them in plastic shoeboxes with moistened vermiculite (À150 kPa) in incubators maintained at a constant 288C. We monitored eggs twice daily for pipping, at which point we placed a bottomless paper cup over the egg to ensure that we could identify which hatchling came from which egg. Within 12 hours of hatching, we weighed turtles and measured carapace length. We then housed hatchlings individually in covered 0.47-L plastic cups containing moist vermiculite. Sixteen full blocks (32 nests), containing 347 eggs, were available for analyses of posthatching phenotypes at this point. Of those, eggs in seven blocks had begun to pip prior to nest excavation and thus we could not include those blocks in analyses of change in egg mass from the beginning to the end of the incubation period.
To assess the relative contributions of clutch and incubation nest to offspring phenotypic variation (prediction 1 in the Introduction), we used nested mixed-model analysis of variance (ANOVA) or covariance (ANCOVA) (version 9.2; SAS Institute 1997). The full model included block, and clutch and incubation nest both nested within block as random factors. We did not include the interaction, as SAS considers nested designs to be equivalent to interaction effects (Kinnard and Westneat 2009) . We sequentially removed clutch and incubation nest from the model, and report the estimates of variance components from the model with the lowest AIC score. Models of hatchling mass and carapace length included egg mass at oviposition as a FIG. 1. A schematic of the experimental design, representing one nest pair (i.e., block) for cross-fostering in painted turtles, Chrysemys picta. Shaded and white eggs represent eggs from two different mothers. Hatchling head and leg colors (black, white) represent incubation nest mates, but not necessarily siblings (e.g., white-headed turtles incubated in the same nest). Immediately after oviposition, we reciprocally transplanted eggs such that half of the eggs from one mother were placed in the nest of the other mother, and vice versa (Cross-foster 1). Most of incubation occurred in the field, but eggs were brought to the laboratory before hatching. After hatching, turtles were reorganized again (Cross-foster 2), such that each mother produced offspring that (1) incubated and hibernated in nest A; (2) incubated in nest A but hibernated in nest B; (3) incubated in nest B but hibernated in nest A; and (4) incubated and hibernated in nest B. Hatchlings were then released into a drift-fence arena with pit traps around the inside perimeter to measure survival during the dispersal stage.
covariate. We removed this covariate from models of egg mass change and incubation period, as it was not significant (all P . 0.47). To investigate body condition, we assigned hatchling mass as the response variable and carapace length at hatching as the covariate. To assess survival, we used a generalized linear mixed model with a binary response, and included clutch and incubation nest nested within block as random factors. We also performed a selection analysis to examine the influence of initial egg mass (standardized to a mean of zero and unit variance) on hatching success, independently of clutch and incubation factors (Janzen and Stern 1998) .
To assess if mothers choose nest sites specific to the reaction norms of their developing embryos (prediction 2 in the Introduction), we performed mixed-model ANOVAs. We modeled natal status (natal or non-natal) as a fixed factor, with clutch and the clutch 3 natal status interaction as random factors.
To assess whether microhabitat variables predicted the nest thermal environment during incubation (prediction 3 in the Introduction), we performed a series of multiple regressions using four values calculated from the iButton data to characterize nest thermal regimes (overall mean, mean daily minimum, mean daily maximum, and mean daily range of temperature). Depth to the bottom of the nest cavity, canopy cover, and solar radiation were the predictor variables for these analyses. To quantify relationships between the thermal regime and offspring phenotypes, within blocks we subtracted the mean temperature of the cooler nest from the mean temperature of the warmer nest, and mean phenotypic values of hatchlings in the cooler nest from mean phenotypic values of hatchlings in the warmer nest. Using a generalized linear model, we regressed the difference in phenotypes on the difference in temperatures. We repeated this analysis using the maximum, minimum, and range of temperature to quantify their relationship with each measured phenotype. Multiple iButtons malfunctioned, so only eight blocks were used.
Stage 2: Hibernation
Prior to hibernation, we photographed turtle plastrons to ensure accurate re-identification. We reweighed hatchlings (14 October) and returned them to nests for hibernation (24 October). For this second cross-foster manipulation, we only included blocks so that each combination of clutch, incubation nest, and hibernation nest was represented by at least two hatchlings. This design yielded hatchlings from eight blocks that spent (1) both incubation and hibernation stages in the natal nest; (2) both incubation and hibernation stages in the non-natal nest; (3) the incubation stage in the natal nest, but the hibernation stage in the non-natal nest; and (4) the incubation stage in the non-natal nest, but the hibernation stage in the natal nest (Fig. 1) . We placed hatchlings in the nests, along with C. picta eggshell fragments, as is the natural condition. We buried an iButton 5 cm deep and 10 cm from each nest cavity, because placing one within a nest could introduce unnatural nuclei for ice formation during winter (Costanzo et al. 2000) . We checked nests on 25 October and 23 November to confirm that hatchlings did not emerge prior to winter. We marked nests with graduated stakes to measure snow depth (14 and 28 December 2009, 13 and 28 January 2010, and 2 March 2010). On 18 March, we retrieved hatchlings for measurement, and then housed them in ISU incubators at 88C.
To assess the contributions of clutch, incubation nest, and hibernation nest to offspring phenotypic variation (prediction 1 in the Introduction), we performed similar analyses to those already described. In the full mixed model, we included block, clutch, incubation nest, and hibernation nest as random factors. We sequentially removed terms from the model, and report the estimates of variance components from the model with the lowest AIC score. The model analyzing hatchling mass in the spring used hatchling mass in the fall as a covariate, and the model analyzing carapace length in the spring included carapace length in the fall as a covariate. To investigate body condition, spring hatchling mass was the response variable and spring carapace length was the covariate.
To assess whether mothers choose incubation and hibernation nest sites specific to the reaction norms of their offspring (prediction 2 in the Introduction), we conducted similar analyses to those described for stage 1. To quantify whether natal status (natal or non-natal) during both incubation and hibernation affected phenotypic variation, we performed mixed-model ANOVAs. We modeled natal status during incubation and during hibernation as fixed factors, with clutch and the interaction between incubation and hibernation natal status as random factors.
To assess whether microhabitat variables predicted the nest thermal environment during hibernation (prediction 3 in the Introduction), we performed analyses similar to those described for stage 1. We tested whether the four thermal values during hibernation were related to canopy cover and solar radiation during hibernation, nest depth, and snow cover with multiple regression. As for stage 1, we quantified the relationship between thermal regime and offspring phenotype by regressing the phenotypic differences on the hibernation temperature differences.
Stage 3: Dispersal
To assess performance and survival during dispersal to water after nest emergence, we released 117 hatchlings from the eight hibernation blocks in the center of a level, circular drift-fence arena. The arena was circumscribed by 0.3-m tall aluminum flashing with a radius of 32 m (the average distance of nests from water at the field site; Harms et al. 2005) . We buried 40 4.5-L plastic jars (tops flush with the soil surface) at equal intervals along the internal perimeter of the drift fence (Fig. 1) . The arena was located in nesting habitat ,1 km from the nesting beaches used in our experiment and ;90 m east of a backwater slough of the Mississippi River. We observed naturally dispersing hatchling turtles near the arena at this time, confirming the ecological relevance of our experiment.
Two weeks prior to release, we gradually raised incubator temperatures to 228C. We weighed and measured hatchlings on 15 May 2010. We released hatchlings on 20 May in 16 depressions, 6 cm deep, located in a circular array 2 m from the arena center and ;1 m from each other. We placed hatchlings that hibernated in the same nest into a single depression and covered them with a plastic cup for 15 minutes. At 07:00 hours, we quickly removed the cups and exited the area. We returned to the arena to check pitfall traps for hatchling turtles at 08:00 and 20:00 hours daily for two weeks, then once daily through June. We recorded the date, time, and location for each recaptured turtle, and identified and reweighed the individual. Any individuals that had not reached the drift fence by the termination of the dispersal experiment were presumed to be dead, because it is unlikely that a hatchling turtle could survive within the arena for the duration of the experiment (40 days).
Migration time and mass loss could only be assessed in the survivors, rendering some empty cells in our design. Therefore, we used a mixed-model ANOVA with block, incubation nest (nested within block), and hibernation nest (nested within block) as random factors, but we could not include clutch in these analyses.
We quantified the strength and form of selection on hatchling phenotypes by pooling all data from the turtles released in the arena. To assess linear selection (b), we used survival (0 or 1) as the dependent variable, and carapace length and body mass prior to release (standardized to mean zero and unit variance) as independent variables in logistic regression models (Janzen and Stern 1998) . To assess nonlinear selection (c), we performed similar analyses that included the squares of standardized carapace length and body mass as additional independent variables. We multiplied nonlinear selection gradients by two (Stinchcombe et al. 2008 ) and visualized selection surfaces with cubic splines (Schluter 1988) .
RESULTS

Stage 1: Effects of the incubation site
For all traits (except change in egg mass), the full model best explained variation in our data (Appendix :  Table A1 ). Averaged across all traits, clutch, block, and incubation nest site explained 56% (range: 34-91%) of the variation (Appendix : Table A2 ), but the relative contributions of these factors to each phenotype varied substantially ( Fig. 2A) . Block and incubation nest best explained variation in incubation duration and change in egg mass, whereas clutch best explained morphological variation ( Fig. 2A) . Egg mass at oviposition had a strong, positive influence on carapace length (r 2 ¼ 0.62, P , 0.001) and body mass (r 2 ¼ 0.74, P , 0.001). Overall, 72% of eggs successfully hatched. Our generalized linear mixed model attributed 64% of variation in egg survival to incubation nest and 36% to clutch. We detected significant linear selection on egg mass at oviposition (b avgr ¼ 0.10, P ¼ 0.003, where subscript ''avgr'' indicates the average gradient vector based on a logistic model (Janzen and Stern 1998) , indicating that larger eggs had a higher probability of hatching.
Reaction norms of embryos were not specific to their maternally chosen nest site, as indicated by no significant effects of natal status (whether the eggs incubated in their mother's nest or in another mother's nest) on any trait that we measured (all P ! 0.10; Appendix: Table A3 ). FIG . 2. Proportion of variance explained by specific factors in our experiment (A) after incubation and (B) after hibernation. Carapace length and body mass at hatching were analyzed with initial egg mass as a covariate, whereas carapace length and body mass after hibernation were analyzed with carapace length and body mass before hibernation as covariates.
Nests exposed to higher levels of solar radiation had higher mean (r 2 ¼ 0.11, P ¼ 0.046) and daily maximum (r 2 ¼ 0.16 P ¼ 0.01) temperatures. Linear regression revealed that eggs in warmer nests hatched sooner than eggs in cooler nests (r 2 ¼ 0.67, P , 0.001), but change in egg mass was not affected by nest temperature (r 2 ¼ 0.003, P ¼ 0.65). Moreover, nest differences (within blocks) in temperature were not related to any differences in hatchling phenotypes (all P . 0.20).
Stage 2: Effects of the hibernation site After hibernation, variation in body mass and change in mass were best described by the full model. For carapace length, however, hibernation nest was excluded from the best model (Appendix : Table A4 ). Averaged across all traits, clutch, block, and nest site explained 48% (range: 28-58%) of the phenotypic variation (Appendix : Table A5 ). Clutch better explained phenotypic variation (16%) than did nest; incubation and hibernation nest effects contributed similarly when pooled across all traits (8% and 9%, respectively). Still, the hibernation nest effect was larger for body mass and change in mass, whereas the incubation nest effect was relatively consistent for all three traits (Fig. 2B) . We did not analyze mortality for this stage, because most hatchlings survived (89%).
Our analyses on traits after hibernation reconfirmed that reaction norms of embryos were not specific to their maternally chosen nest site during incubation, and that natal status during hibernation also had no significant effect on any of our measured traits (all P ! 0.36; Appendix: Table A6 ).
Multiple regression analyses indicated that none of the measured microhabitat variables influenced nest temperature during hibernation (all P . 0.25). Additionally, environmental differences between hibernation nests within a block were not related to any measured phenotypic differences of hatchlings between those nests (all P ! 0.29).
Stage 3: Effects during dispersal
In the dispersal experiment, the 91 recaptured neonates averaged 3.4 days (range: 1-9) to reach the arena perimeter. The remaining 26 turtles presumably died. Although incubation and hibernation nest site did not influence dispersal time, they did affect mass change during dispersal (5% and 62%, respectively; Appendix: Table A7 ). We did not detect significant linear selection on either carapace length (b avgr ¼ 0.107, P ¼ 0.118) or body mass (b avgr ¼ À0.031, P ¼ 0.665). Although nonlinear selection was not significant for mass (c ¼ 0.137, P ¼ 0.227), a pattern consistent with stabilizing selection was significant for carapace length (c ¼À0.208, P ¼ 0.047; Fig. 3 ).
DISCUSSION
Siblings typically experience a common developmental environment; thus, partitioning phenotypic variation into its relevant sources is inherently difficult, particularly in a field setting. To overcome this difficulty, crossfostering has been successfully applied to quantify the contribution of nest site only during incubation to phenotypic variation at hatching (e.g., Shine et al. 1997a ). To gain a more comprehensive understanding of the consequences of nest-site choice, we employed a double cross-fostering design to quantify the relative contributions of clutch and nest site during two life stages (incubation and hibernation) to offspring phenotypic variation, and subsequently to evaluate the fitness consequences during dispersal of offspring from nests to aquatic habitat (a life stage characterized by high mortality; e.g., Janzen 1993). This novel approach allowed us to evaluate effects of the egg-incubation nest site on offspring phenotypes (as in other studies), while quantifying experimentally for the first time the joint contributions of nest site and clutch during the hibernation stage in the wild.
Incubation experiment
Clutch explained substantial variation in morphology at hatching, but did not influence incubation duration or change in egg mass. As in other studies with similar designs (e.g., Shine et al. 1997a, Packard and Packard 2000) , egg size was the primary determinant of hatchling size, yet the effect of clutch on morphological variation remained considerable even after statistically removing the effects of egg size. Protein and lipid composition of yolk is similar between maternal age classes in our focal population, so this is not likely to be a significant source FIG. 3 . Probability of survival for hatchling Chrysemys picta during dispersal from nest sites to aquatic habitat in relation to standardized carapace length. The selection surface was estimated using the methodology of Schluter (1988) . Dashed lines represent standard errors calculated with Bayesian methods. Open circles along the top and bottom axes represent the individual hatchling turtles. of clutch variation (Harms et al. 2005) . Painted turtles exhibit substantial inter-clutch variation in yolk steroids (e.g., Bowden et al. 2004 ), but these hormones may not influence hatchling size; experiments on lizards have not found such an effect (Uller et al. 2007 ). Substantial additive genetic variation for morphological traits has been documented for a variety of taxa (Visscher at al. 2008 ), so our observed clutch effects may be due primarily to genetic differences.
The developmental environment profoundly affects phenotypic variation. In our study, incubation nests embodied developmental environments in maternally selected locations. These effects were most substantial for incubation duration and change in egg mass, congruent with prior research on reptiles suggesting that thermal and hydric conditions primarily influence these traits (Deeming 2004 ). Nest environments also influenced variation in body size and condition, although these effects were relatively small compared to clutch effect. Indeed, clutch effects (genetics and maternal factors) largely explain variation in size at hatching even after accounting for initial egg mass, suggesting microevolutionary potential for this key trait.
Even so, we probably underestimated the total contribution of incubation nest to phenotypic variation. First, we incubated many eggs in common conditions in the laboratory just prior to hatching, reducing the environmental variation that embryos would have experienced naturally in the field. Second, block also substantially contributed to variation in incubation duration, change in egg mass, and body condition ( Fig. 2A) . Block effects primarily comprised differences between blocks in oviposition date and general habitat (e.g., block effects would arise if both nests in one block were warmer than both nests in another). Time of oviposition and these broader scale environmental differences influence conditions within nests, yet are not included in our estimate of incubation nest effects. Finally, since weather recording began in 1896, July 2009 was the coolest July and the entire year experienced the fourth most precipitation (data obtained from National Climate Data Center). This atypically cool and wet climate may have induced less variation in incubation nest environments than would be present in a climatically average year.
Our experimental design permitted us to investigate how certain microhabitat factors influence the nest environment, and how the environment affected phenotypic variation (prediction 3). Solar radiation significantly, but weakly, influenced both mean and daily maximum nest temperatures. These weak relationships in this study are unsurprising, given that cooler, rainier, and cloudier seasons reduce the otherwise considerable effect of vegetation cover on nest temperature (Janzen 1994 , Schwanz et al. 2010 . Nest depth did not predict nest temperatures, but the relatively shallow painted turtle nests (Appendix : Table A8 ) may lack sufficient variation in nest depth to elicit biologically meaningful thermal variation. Regardless, nest site substantially contributed to variation in incubation duration and change in egg mass. Eggs in warmer nests hatched sooner, yet no simple relationship was evident between nest temperature and change in egg mass. Because both temperature and moisture influence change in egg mass (Packard et al. 1987) , unquantified variation in hydric conditions in nests may have driven this latter effect.
Hibernation experiment
The phenotypic and survival consequences of the incubation nest environment have been the focus of most research on nest-site choice. Many turtles, however, delay emergence and spend a second critical stage, hibernation, in the natal nest. Much research has focused on the physiological responses of neonatal turtles to low temperatures (reviewed in Costanzo et al. 2008) . However, few studies have assessed the survival consequences, and none the phenotypic consequences, of the natural hibernation nest environment (e.g., Weisrock and Janzen 1999) . By using crossfostering and measuring offspring traits immediately prior to and again after hibernation, our experiment provides a unique opportunity to quantify the relative contributions of clutch and nest environment during both egg incubation and hatchling hibernation. During hibernation, we found that clutch effects substantially explained variation in all measured traits (carapace length, body mass, and change in mass). These results, while novel, are fully expected, as they imply that genetic composition and/or early maternal factors of developing turtles are important contributors to phenotypic variation in multiple life stages.
The hibernation environment did not influence carapace length, but did substantially affect body mass and change in mass. Even so, our study might underestimate the magnitude of the hibernation effect. After hatching, we did not immediately return turtles to the nests and we excavated neonates in the spring prior to their natural emergence. These logistical constraints resulted in offspring spending some of the fall and spring in common laboratory conditions when these turtles naturally would have been in nests. Regardless, incubation nest at least influenced post-hibernation body mass and change in mass, indicating that embryonic developmental conditions exhibit a persistent effect into this later life stage.
Prior research has quantified relationships between microhabitat variables and winter nest temperature (Weisrock and Janzen 1999 , Nagle et al. 2000 , Costanzo et al. 2004 ). None of our microhabitat variables predicted nest temperatures during hibernation. Snow cover was relatively uniform at the site, potentially reducing our ability to detect an effect of microhabitat variation on nest temperature. Indeed, temperatures in hibernation nests hardly varied and did not reach the critical thermal minimum that causes massive mortality in some years (Weisrock and Janzen 1999 ). Thus, not surprisingly, none of the thermal characteristics of hibernation nests that we measured detectably influenced observed phenotypic variation. Instead, hydric conditions during hibernation, which are associated with changes in hatchling water balance (Costanzo et al. 2004) , may have influenced body mass and change in mass in our experiment.
Dispersal
Dispersal of hatchling turtles from nests is typified by high mortality and strong selection (Janzen 1993 , Janzen et al. 2000a , b, Tucker 2000 . Larger hatchlings are generally favored by selection, which is mediated by a positive covariance between size and performance ). As predicted, larger neonates in our experiment generally survived better, although this advantage stabilized once turtles were just above the mean carapace length (sensu Paitz et al. 2007 ; Fig. 2 ). This result, combined with positive linear selection on egg size during incubation, generally supports the view that bigger is better (Janzen 1993) . Because offspring size is largely controlled by egg size and other clutch effects (genetics and maternal provisioning), and not so much by nest environment during incubation and hibernation, this trait may be heritable and evolutionarily responsive to selection independent of nest-site choice. Even so, non-genetic factors can affect egg size (e.g., maternal age; sensu Bowden et al. 2004 ) and parent-offspring conflict (Janzen and Warner 2009) could alter the microevolutionary dynamics of offspring size in this system and explain why offspring are not produced at their optimal size.
Although incubation and hibernation environments did not influence dispersal time, hibernation nest substantially influenced mass loss during dispersal. This pattern is probably associated with nest hydric conditions and hatchling water balance (Costanzo et al. 2004) prior to dispersal. Reduced sample sizes after dispersal mortality precluded an assessment of clutch as a factor. However, because hibernation nest also significantly influenced body mass and mass change over winter, this finding regarding dispersal mass makes biological sense and is likely to be robust.
Natal status
We found no evidence that mothers select nest sites specific to their offspring's norms of reactions during incubation or hibernation. Natal status (natal or nonnatal) did not affect any trait that we measured in either stage. This ''maternal matching'' hypothesis has also found little support in a lizard study (Shine et al. 1997a ). The ability of mothers to select nests that are well suited to their own offsprings' reaction norms would mandate that mothers can comprehend the genotypic composition of their offspring and specifically predict the environmental conditions to which their offspring will be exposed in the nest. Both conditions are challenging to meet in our C. picta population, as roughly 30% of clutches are multiply sired (Pearse et al. 2002) , and climate (Schwanz et al. 2009 ) and phenotypic selection (Warner et al. 2010 ) vary substantially among years. Instead, mothers more likely choose sites to induce specific abiotic regimes in their nests that meet broadly similar requirements across the population. Thus, because all hatchlings derived from nests that were freely chosen by mothers in this population, it is not surprising that these microenvironments were generally suitable for incubation and hibernation.
GENERAL CONCLUSIONS AND FUTURE DIRECTIONS
The seemingly simple task of choosing where to nest can have long-lasting and important consequences on offspring phenotypes and, ultimately, fitness. The overwintering behavior of neonatal C. picta offers a unique opportunity to quantify the separate and combined effects of developmental and hibernation environments that many temperate organisms experience. Our novel double cross-fostering design enabled us to quantify the phenotypic and survival consequences of a behavioral maternal effect from egg incubation through dispersal from nests. Effects from maternally selected nests substantially contribute to phenotypic variation during incubation and during the underappreciated hibernation stage. During dispersal, natural selection acted on this phenotypic variation, influencing offspring survival.
We have investigated phenotypic variation induced by clutch and nest-site effects in maternally selected nests. Still, mothers select nest sites nonrandomly, probably at multiple scales. Turtles at our site avoid heavily forested nest sites, instead choosing more open nesting beaches. Within these beaches, maternally selected nests induce fitness-relevant variation in offspring phenotypes. To assess the adaptive significance of maternal nesting decisions at this fine scale, researchers should also make environmental comparisons between maternally selected nests and randomly chosen nest locations, and investigate the phenotypic and survival consequences of these nesting decisions. Additionally, longitudinal research on the influences of microhabitat on hibernation nest environments and its subsequent influence on phenotypes and survival is warranted, as these subsequent life stages are often underappreciated in studies of nest-site choice.
Results from our novel experimental design in the field reinforce the importance of maternal effects during multiple life stages. There is growing evidence from diverse taxa that maternal effects not only are relevant during early stages, but also have lasting effects on lifetime fitness. In many organisms, the importance of some maternal effects is not apparent until later life stages (Galloway and Etterson 2007 , Storm and Lima 2010 , Streby and Andersen 2011 , and maternal effects during early stages can strongly influence performance and fitness in later stages (Kaplan 1998, Marshall and Keough 2006) . Continuing experiments into later life stages is difficult, especially for long-lived organisms, but may provide valuable insights into the adaptive nature of maternal effects.
